Background: Higher white blood cell (WBC) count is associated with impaired endothelium-dependent vasodilation. However, the influence of higher WBC count on endothelin (ET)-1 vasoconstrictor activity is currently unknown. We tested the hypothesis that adults with elevated WBC count demonstrate enhanced ET-1 system activity. Methods: Thirty-four healthy adults were studied: 17 with WBC count < 5.0 Â 10 9 cells/L (lower WBC; 9M/8F; age: 53 AE 2 yr) and 17 with WBC count > 5.0 Â 10 9 cells/L (higher WBC; 10M/7F; 54 AE 3 yr). Forearm blood flow (FBF) responses to intra-brachial infusion of ET-1 (5 pmol/min for 20 min) and selective ET A receptor blockade (BQ-123; 100 nmol/min for 60 min) were measured by venous occlusion plethysmography. Results: The vasoconstrictor response to ET-1 was significantly blunted (w60%) in the higher WBC group versus the lower WBC group. The FBF responses to selective ET A receptor blockade were also significantly different (P < 0.05) between the groups. In the lower WBC group, resting FBF increased marginally (w5%) to BQ-123, whereas the increase in FBF to BQ-123 was significantly greater (w15%) in higher WBC group. Furthermore, there was a significant relation between WBC count and FBF response to ET-1 (r Z À0.43) and BQ-123 (r Z 0.41). Conclusions: Relative elevations in WBC count in middle-aged and older adults, independent of adiposity and other cardiometabolic risk factors, are associated with enhanced Artery Research (2012) 6, 65e70
Introduction
White blood cells (WBC) play a critically important role in immunological responses to inflammatory and infectious processes. 1 The recognition that inflammation is a key component of atherosclerotic vascular disease and its clinical consequences sparked, and rekindled, interest in the potential link between WBC count and risk of cardiovascular disease. 2, 3 Indeed, several epidemiological and prospective studies have shown that elevations in WBC count, even within suggested normal ranges, are independently associated with coronary heart disease and stroke incidence and mortality. 3e6 A number of biochemical, biomechanical, electrical and rheological mechanisms have been proposed to underlie the pathologic link between WBCs and atherosclerotic vascular disease. 3, 7 Given the constant interaction between WBCs and the vascular endothelium, endothelial cell damage and dysfunction may be a primary causative factor. Impaired endothelial cell function, particularly vasomotor dysfunction, is an early component in the development of atherosclerosis. Diminished nitric oxide-mediated endothelium dependent vasodilation and enhanced endothelin (ET)-1 vasoconstrictor tone is recognized as an atherogenic endothelial phenotype associated with increased cardiovascular and cerebrovascular risk. 8 Elevations in WBC count have been shown to be inversely related to endothelial vasodilation in both healthy and diseased populations. 9, 10 It is currently unknown whether WBC count is also related to other endothelial vasomotor abnormalities. Accordingly, we tested the hypothesis that elevations in WBC count, within clinically normal range, are associated with increased ET-1 vasoconstrictor tone in middle-aged and older adults.
Methods

Subjects
Thirty-four healthy sedentary adults (age range: 41e73 years) were studied: 17 (9 males/8 females) with WBC count < 5.0 Â 10 9 cells/L (lower WBC) and 17 (10 males/7 females) with WBC count >5.0 Â 10 9 cells/L (higher WBC). 9 The stratification used for WBC was based on a recent study demonstrating associated impairment in endothelial vasodilator function with WBC count >5.0 Â 10 9 cells/L. 9 All subjects were normotensive (arterial blood pressure < 140/ 90 mmHg) and free of overt cardiovascular disease and metabolic abnormalities as assessed by medical history, physical examination, fasting blood chemistries and blood pressure at rest and during incremental exercise performed to exhaustion. None of the subjects smoked or were taking medications (including vitamins). No subjects had WBC count >10.0 Â 10 9 cells/L, and all subjects were free of recent inflammation/infection (<2 weeks) as determined by questionnaire. 11 All of the women were at least 1 year postmenopausal and had never taken or had discontinued use of hormone replacement therapy at least 1 year before the start of the study. Prior to participation, all of the subjects had the research study and its potential risks and benefits explained fully before providing written informed consent according to the guidelines of the University of Colorado at Boulder.
Body composition
Body mass was measured to the nearest 0.1 kg using a medical beam balance. Percent body fat was determined by dual energy X-ray absorptiometry (Lunar Corp., Madison, WI). Body mass index (BMI) was calculated as weight (kilograms) divided by height (meters) squared. Minimal waist circumference was measured according to published guidelines. 12 
Maximal oxygen consumption
To assess aerobic fitness, subjects performed incremental treadmill exercise with a modified Balke protocol. Maximal oxygen consumption (VO 2 max) was measured with on-line computer-assisted open circuit spirometry as described previously. 13 WBC count and metabolic measurements WBC count was determined by standard Coulter counter technique (Beckman Coulter Ac T 5diff CP) by the Clinical and Translational Research Center (CTRC) core laboratory. Plasma lipid, lipoprotein, glucose and insulin concentrations were also determined by the CTRC core laboratory using standard methods. Plasma concentrations of C-reactive protein and oxidized LDL were determined by enzyme immuno-assay.
Intra-arterial infusion protocol
All studies were performed between 7 and 10 AM after a 12hour overnight fast in a temperature-controlled room. Under strict aseptic conditions a 5-cm, 20-gauge catheter was inserted into the brachial artery of the nondominant arm under local anesthesia (1% lidocaine). Heart rate and arterial blood pressure were continuously measured throughout the infusion protocol. Forearm blood flow (FBF) at rest and in response to each pharmacologic agent was measured using strain-gauge venous occlusion plethysmography (D. E. Hokanson, Bellevue, WA), as previously described by our laboratory. 14 Baseline FBF was measured for 5 min and for 5 min before each drug infusion thereafter. To rule out the possibility of nonspecific differences to vasoconstrictor agents between WBC count groups, vascular responses to norepinephrine were determined. Norepinephrine was infused at a rate of 260 pmol/min for 5 min, and FBF was measured during the last 3 min. After a 20-minute rest period to allow FBF to return to baseline levels, ET-1 (Clinalfa, AG) was infused at a rate of 5 pmol/min for 20 min, and FBF was measured during the last 3 min. After a 30-minute rest period to allow resting FBF to return to baseline, BQ-123 (Clinalfa, AG), a selective ET A receptor antagonist, was infused at a rate of 100 nmol/min for 60 min, and FBF was measured every 10 min. The selected dose of BQ-123 has been shown to completely inhibit the vasoconstrictor effect of endogenous ET-1 in the human forearm of healthy adults. 15 
Statistical analysis
Differences in subject baseline characteristics, WBC count and the magnitude of change in FBF to norepinephrine and ET-1 were determined by between-groups analysis of variance (ANOVA). Group differences in FBF responses to BQ-123 were determined by repeated-measures ANOVA. Relations between variables of interest were assessed by linear regression analysis. There were no significant gender interactions in any of the primary variables; therefore the data were pooled and presented together. All data are expressed as means AE SEM. Statistical significance was set a priori at P < 0.05.
Results
Selected subject characteristics are presented in Table 1 . By design, WBC count was significantly different (w30%) between the lower and higher WBC count groups. Aside from WBC count, there were no significant differences between the groups in any anthropometric, hemodynamic or metabolic variables.
The vasoconstrictor response to norepinephrine was not significantly different between groups, as FBF was reduced by 24% in both groups (data not shown). In contrast, the vasoconstrictor response to ET-1 was markedly different (w60%; P Z 0.01) between the WBC groups. In the higher WBC group, there was a 5.1 AE 2.5% reduction in resting FBF to ET-1 compared with a 12.2 AE 1.2% reduction in the lower WBC group (Fig. 1) . The FBF responses to selective ET A receptor blockade were also significantly different between the groups. In the lower WBC group, resting FBF increased marginally (w5%) to BQ-123, whereas the increase in FBF to BQ-123 was approximately three-fold greater (w15%) in higher WBC group (Fig. 1 ). In the overall study population, WBC count was inversely related to the FBF response to ET-1 (r Z À0.43, P Z 0.01) and positively correlated with the peak FBF response to BQ-123 (r Z 0.41, P Z 0.02) (Fig. 2 ).
Discussion
The primary new finding of the present study is that elevations in WBC count, within clinically normal range and independent of other cardiovascular risk factors, is associated with increased ET-1-mediated vasoconstrictor tone. To the best of our knowledge this is the first study to determine a potential link between WBC count and ET-1 system activity. Increased ET-1 vasoconstrictor tone may contribute to the heightened risk of cardiovascular disease and stroke reported with elevations in WBC count.
WBC count in both healthy and diseased adults has been shown to be associated with, and predictive of, cardiovascular and cerebrovascular events. 4e6,16e19 For example, in the Atherosclerosis Risk in Communities Study 4 the incidence of coronary artery disease was almost two-fold higher in Caucasian and African American adults with WBC counts >7.0 Â 10 9 cells/L compared with adults of similar age with WBC counts < 4.8 Â 10 9 cells/L. Elkind and colleagues 5 reported that elevations in WBC count were associated with an increased risk of ischemic stroke, independent of other risk factors, in a population cohort of the Northern Manhattan Study. Moreover, the risk of future stroke was estimated to increase by w20% per 1.8 Â 10 9 cells/L increment in WBC count. Several studies have also noted the prognostic value of WBC count for morbidity and mortality following percutaneous coronary intervention. 16e18 The mechanisms underlying the vascular risk with elevated WBCs are not completely understood.
Increased ET-1 system activity has been linked with a number of cardiovascular risk factors associated with elevated WBC count, such as obesity 20 and hypertension, 21 and is considered to be an important contributor to the etiology of atherosclerotic vascular disease. 22 In the present study, WBC count was associated with increase ET-1 system activity. Indeed, there were marked differences in the vascular responses to ET-1 and selective ET A receptor blockade between the higher and lower WBC groups. The forearm vasoconstrictor response to exogenous ET-1 was significantly blunted in the adults with higher WBC count compared with lower WBC count. The reduced vasoconstrictor effect of the peptide in the higher WBC count group suggests greater endogenous ET-1 bioavailability and continuous receptor activation. 15 It has been shown that chronic exposure to ET-1 does result in a reduction in ET-1 receptors on vascular smooth cells. 23 Of note, it is unlikely that the observed WBC count-related differences in the ET-1 response were due to a nonspecific decline in contractile function of the vascular smooth muscle, because the vasoconstrictor response to norepinephrine was similar between the groups. The vascular response to exogenous ET-1 is often used as a bioassay of endogenous ET-1 production given the inaccuracy and unreliability of circulating ET-1 concentrations as an indicator of vascular ET-1 production. 15 Coupled with the blunted response to ET-1, the higher WBC count group demonstrated a significantly greater vasodilator response to the selective ET A receptor antagonist BQ-123 than the lower WBC count group suggesting enhanced ET A receptor-mediated ET-1 vasoconstrictor tone in the higher WBC count group. Additionally, we observed significant correlations between WBC count and the vascular responses to both ET-1 and BQ-123 reflecting an association between WBC count and the ET-1 system. No other factors were associated with these blood flow responses in the present study. The mechanisms responsible for the apparent WBCrelated increase in ET-1 system activity are unclear and outside the scope of this cross-sectional study. However, it is important to note that aside from WBC count, there were no other group differences in anthropometric, cardiometabolic, inflammatory or oxidative factors that have been shown to influence ET-1 system activity between the groups. 15, 24, 25 As a result our findings suggests a primary link between WBCs and vascular function. Indeed, the results presented herein complement and extend the results of previous studies demonstrating that relative elevations in WBC count are associated with a reduction in endothelial vasodilator function. 9, 10 For example, a recent study by Walker et al., 9 involving a similar population of healthy, sedentary middle-aged and older adults stratified by the same WBC count criteria as the present study, demonstrated impaired nitric oxide-mediated endothelium-dependent vasodilation in adults with higher (6.0 AE 0.2 Â 10 9 cells/L) compared with lower (4.1 AE 0.1 Â 10 9 cells/L) WBC count. These findings and those presented herein indicate that relative elevations in WBC count, independent of other risk factors, are associated with a proatherogenic endothelial phenotype characterized by enhanced ET-1-mediated vasoconstriction and reduced nitric oxide-mediated vasodilation. Future studies are needed determine the underlying causes for this apparent deleterious interaction between WBCs and vascular endothelial function.
Given the inherent limitations of the cross-sectional design employed in the present study we are unable to dismiss that genetic and/or lifestyle factors may have influenced our results. To minimize the influence of lifestyle behaviors, we studied subjects who were nonsmokers, not currently taking any medication that could influence WBC or endothelial vasomotor function, and did not differ in body composition or habitual physical activity. In addition, in an effort to isolate the primary influence of WBC, we studied adults free of other cardiometabolic risk factors that have been shown to influence WBC and endothelin-1 system activity such as hypertension 21 and type 2 diabetes. 26, 27 Although the plasma concentrations of CRP were slightly, but not significantly, higher in the WBC group, we do not believe that these higher CRP concentrations influenced our findings, and in turn, the interpretation the data. Indeed, in the present study we observed no relation between CRP and either WBC or the FBF responses to ET-1 or BQ-123. This finding is consistent with previous studies from our laboratory involving CRP and ET-1 system activity. 28 Unfortunately, due to a reduction in drug availability during the course of this study, we were unable to administer the selective ET B receptor antagonist BQ-788 and therefore cannot comment on the influence of WBC on the vascular actions of the ET B receptor and non-selective ET-1-receptor blockade.
In conclusion, the results of this study demonstrate that WBC count is associated with significant differences in FBF responses to exogenous ET-1 administration and ET-1 receptor antagonism in healthy, sedentary, non-smoking middle-aged and older adults. Increased ET-1-mediated vasoconstrictor tone may contribute to the increased risk of cardiovascular and cerebrovascular disease and events associated with relative elevations in WBC count. In addition, the apparent link between WBC count and vascular endothelial function may also underlie the reported prognostic value of WBC count to cardiovascular outcomes. White Blood Cell Count (10 9 cells/L) r = 0.41 P < 0.05 Figure 2 Relation between white blood cell count and peak FBF response to ET-1 (panel A) and BQ-123 (panel B) in the study population.
